[1] We have examined 178 interplanetary shocks observed by the Wind spacecraft to establish which shock and plasma parameters are favorable for the production of upstream Langmuir waves and therefore to determine which shocks are likely to generate interplanetary Type II radio bursts. Of the 178 shocks included in this study, 43 produced upstream Langmuir waves, as evinced by enhancements in wave power near the plasma frequency. The large number of observed shocks permits the use of statistical tests to determine which parameters control the upstream activity. The best predictor of activity is the de Hoffmann-Teller speed, a result consistent with the fast Fermi model of electron acceleration. Several other parameters, including the magnetic field strength and the level of solar activity (but not the Mach number), are also correlated with upstream activity. These additional parameters may be associated with an increased level of shock front curvature or upstream structure, leading to the formation of upstream foreshock regions, or with the generation of an upstream electron population favorable for shock reflection.
Introduction
[2] Interplanetary (IP) shocks, which are often driven by IP coronal mass ejections (ICMEs), accelerate solar wind electrons into foreshock regions upstream of the shock. These regions are in some respects analogous to the foreshock regions upstream of the bow shocks of magnetized bodies in the solar wind. In both types of foreshock region, the reflected electron beams create unstable bump-on-tail electron distribution functions, which excite a Landau resonance and create electrostatic oscillations known as Langmuir waves. The Langmuir waves undergo a mode conversion process and generate electromagnetic radio waves at the plasma frequency f p and 2f p . These radio waves propagate throughout the heliosphere and are used as a remote diagnostic of electron acceleration at shocks. As an IP shock propagates radially outward from the sun, the plasma becomes less dense and the plasma frequency decreases. The radio emission generated upstream of the shock is observed on a radio spectrogram as a slowly drifting, often patchy feature known as an IP Type II radio burst.
[3] IP Type II radio bursts are a primary method used to track the progress of CME-driven shocks through the heliosphere. The decrease in the frequency of Type II emission due to the decrease in local electron density, together with an assumed radial electron density profile, can be used to measure the velocity of the shock [Cane et al., 1982] , and this measurement can be used as a tool in space weather forecasting [Cremades et al., 2007] . In addition to measurements of radial speed, direction finding techniques can be used to provide information about the three-dimensional structure of the shock [Hoang et al., 1998; Reiner et al., 1998 ].
[4] It is still a matter of debate where on the CME-driven shock surface the Type II burst is being generated. It would be very valuable to know if Type II emission is generated where the shock compression is strongest, or where the shock front and upstream magnetic field are favorably aligned, as that would allow us to determine if the emission is always at the nose of the shock, or if it can also occur on the flanks or on the trailing edges. This work is complementary to the direction finding technique of probing Type II burst origins, in that it focuses on direct measurements of the process in situ instead of remote reconstruction.
[5] Investigation of IP foreshock regions is guided by previous studies of the terrestrial electron foreshock region. The terrestrial electron foreshock is a commonly observed feature of the quasiperpendicular terrestrial bow shock, and copious in situ measurements of electron beams and electrostatic oscillations present in the terrestrial foreshock have been made for several decades. Upstream electrons originating at the bow shock accompanied by plasma frequency noise were observed by the IMP and OGO spacecraft [Anderson, 1968; Scarf et al., 1971] . Further upstream observations of electron beams [Anderson et al., 1979; Feldman et al., 1983] and in situ measurements of Langmuir waves [Filbert and Kellogg, 1979] were made by the ISEE and IMP spacecraft. These early measurements confirmed that the electron beams appear upstream of the shock when the spacecraft is magnetically connected to the quasiperpendicular bow shock. These observations also established the spatial structure of the electron foreshock, showing that the strongest electron beams and the most intense Langmuir waves occur near the edge of the electron foreshock, where the upstream magnetic field is very nearly perpendicular to the shock normal.
[6] Langmuir waves [Gurnett et al., 1979] and reflected electrons [Potter, 1981] were observed upstream of IP shocks, lending the support of in situ evidence to the theory of the generation of IP Type II bursts by shock accelerated electrons [Cane et al., 1981 [Cane et al., , 1987 . However, unambiguous in situ observation of Type II source regions, including both wave observations and plasma data which resolve the accelerated electron beams, as first reported by Bale et al. [1999] , is rare. This comparative rarity is mainly due to the necessity of high time resolution plasma measurements to resolve the velocity dispersed electron beams which are characteristic of upstream foreshock regions. A previous study [Pulupa and Bale, 2008] made use of high cadence "burst mode" electron measurements to resolve the velocity dispersion of the electron beams and thereby measure the dimensions of the foreshock region. However, burst mode data is unavailable for the majority of shocks observed by the Wind spacecraft, and of the shocks with burst mode data, only three presented time-resolved velocity dispersed beams.
[7] Wilson et al. [2007] used the Time Domain Sampler (TDS) instrument from the Wind/WAVES plasma wave experiment [Bougeret et al., 1995] to study the occurrence of electrostatic waves in the vicinity of interplanetary shocks, showing that the strongest waves occur in the shock ramp itself, and in particular that the shock ramp is dominated by large amplitude ion acoustic waves. TDS selects specific waveform events to send in the telemetry stream, and the selection algorithm preferentially selects large amplitude events. Due to this selection effect, two shocks with similar levels of upstream Langmuir wave activity (LWA) could appear different in the TDS data stream, depending on the level of ion acoustic waves in the ramp or downstream region. Therefore, in order to search for upstream Langmuir waves, we use the low-frequency (4-256 kHz) Thermal Noise Receiver (TNR) from Wind/WAVES, which offers continuous coverage in the upstream region and a uniform measurement of upstream activity at each shock. Langmuir waves are apparent in a TNR spectrogram as intense enhancements of wave power at the plasma frequency, and the presence of upstream Langmuir waves is a signature of IP foreshock regions [Bale et al., 1999; Fitzenreiter et al., 2003] .
[8] A similar method was employed by Thejappa and MacDowall [2000] , who used data from the Ulysses Unified Radio and Plasma experiment to search for Langmuir waves in the vicinity of IP shocks. Thejappa and MacDowall [2000] found that Langmuir waves exist (1) primarily in the upstream region, (2) at both quasiperpendicular and quasiparallel shocks, and (3) primarily at supercritical shocks.
[9] For any given shock crossing by a single spacecraft, the presence or absence of upstream LWA is largely determined by the local shock geometry. Furthermore, the measurements of local shock parameters made at the crossing point will be different from those at the quasiperpendicular acceleration point of the electron beam, introducing uncertainty into the calculation of these parameters and their effect on the acceleration process. Therefore, in order to investigate the effects of different local and global shock parameters, as well as the locally measured solar wind parameters, it is necessary to examine many shocks. Wind has been in continuous operation since 1994, and has observed a sufficient number of IP shock crossings to determine statistically which parameters control the production of upstream Langmuir waves.
[10] The structure of the remainder of this paper is as follows: Section 2 presents a brief review of the fast Fermi theory of electron reflection at heliospheric shocks. Section 3 discusses the database of Wind IP shocks examined in this study, and explains the algorithm used to automatically determine which shocks exhibit Langmuir waves in the upstream region. Section 4 describes the shock and plasma parameters computed for each shock, and how the parameters relate to electron acceleration and the generation of foreshock regions. Section 5 describes the results, showing which of the calculated parameters control the generation of upstream Langmuir waves, and section 6 briefly discusses the implications of these results for the broader theory of Type II radio bursts.
Brief Review of Fast Fermi Theory
[11] The fast Fermi (called "fast" because the energization takes place in a single encounter, rather than the multiple encounters of classic Fermi theory) model for the energization of thermal electrons at the terrestrial bow shock was derived independently by Leroy and Mangeney [1984] and Wu [1984] . The dynamics of electron acceleration in the fast Fermi model are most tractable in the de Hoffmann-Teller frame (HTF), in which the upstream plasma bulk velocity and magnetic field are parallel and therefore there is no upstream convective (V × B) electric field. The energization of electrons in the upstream solar wind frame is a consequence of the boost to the HTF, the reflection, and the boost associated with the return to the solar wind frame.
[12] The transformation velocity to the HTF from the normal incidence frame (NIF), in which the upstream bulk velocity is antiparallel to the shock normal, is known as the de Hoffmann-Teller velocity, and is given by:
[13] We denote quantities in the HT frame with a prime, e.g., the parallel v′ k and perpendicular v ′ ? velocities. V HT lies in the shock plane parallel to the projection of the upstream magnetic field into the shock plane. An electron with incoming parallel velocity v′ k will be reflected upstream with a parallel velocity −v′ k + 2V HT , and with an unchanged perpendicular velocity.
[14] The distribution of the reflected electrons is a loss cone distribution. The opening angle a of the cone is set by the ratio of upstream to downstream magnetic field, according to the relation a = sin −1 (B u /B d ). The loss cone is modified by the presence of a frame-dependent potential across the shock, resulting from the differential motion of protons and electrons through the shock layer. Goodrich and Scudder [1984] showed that electron energy gain is given by F′, the cross shock potential in the HTF. F′ affects the reflected distribution by drawing low energy electrons through the shock to the downstream region, broadening the loss cone for low values of v′ k . This loss cone broadening has been observed in the terrestrial electron foreshock [Larson et al., 1996] .
[15] Assuming conservation of m for the upstream electrons, the criterion for reflection in the HTF is:
[16] The reflection criterion defines a separatrix in velocity space, which is plotted in Figure 1 as a dashed line. Electrons lying above the dashed line will be reflected, while those lying below will pass through the shock to the downstream region.
[17] The main difference between the two original papers describing the fast Fermi model is that Leroy and Mangeney [1984] included the effect of F′ and used a single Maxwellian to model the electron population, while Wu [1984] did not include F′ but included the effect of both the halo and core electron populations, using a bi-Maxwellian distribution. Despite these differences, the models yield similar results, and both concur that energization is most efficient when the angle bn between the upstream magnetic field and the shock normal is almost 90°. Test particles injected into hybrid simulations of quasiperpendicular shocks have confirmed this dependence on bn [Krauss-Varban et al., 1989] .
[18] Simulations of fast Fermi acceleration at nonplanar shocks, using parameters similar to those encountered at the terrestrial foreshock, show that parameters such as bn can vary significantly during a reflection due to shock curvature. This variation limits the maximum energy of reflected electrons, but effects of this limitation on observed fluxes at a given energy are somewhat offset by focusing effects [Krauss-Varban and Burgess, 1991] . Curvature may also be important for IP foreshock regions, since the characteristic dimensions of these regions are on the order of the dimensions of the terrestrial bow shock [Pulupa and Bale, 2008] .
[19] A model [Knock et al., 2001 ] using the fast Fermi reflection mechanism to generate an electron beam and stochastic growth theory [Cairns et al., 2000, and references within] to model the conversion of electron beam energy into radio emission has been applied to the foreshock region studied by Bale et al. [1999] , and yields results consistent with observations. A refined version of this model [Knock et al., 2003] predicts that foreshock emission is more likely to appear upstream of fast shocks, shocks with more upstream nonthermal electrons, shocks with large radii of curvature, and shocks which propagate through high-density upstream regions. Using Wind observations of a large number of shocks, we can compare these results with in situ data.
Shock Database and Langmuir Wave Detection Algorithm
[20] We use a database of IP shocks observed by Wind, containing 382 interplanetary shocks observed between 1996 and 2004. This IP shock database consists of determinations of the shock orientation and velocity, asymptotic upstream and downstream parameters, and more than fifty derived quantities including wave speeds and Mach Leroy and Mangeney [1984] and Wu [1984] . The incident distribution is shown on the left in the solar wind frame. Electrons which lie above the separatrix determined by the cross shock potential and mirror ratio (described in equation (2)) are reflected, while the remaining electrons pass through the shock to the downstream region. The ratio V HT /V th is exaggerated compared to the measured ratio at a typical IP shock for clarity.
numbers. The database is available online (http://www.cfa. harvard.edu/shocks/) for multiple spacecraft, including Wind, and has been successfully used in previous studies of IP shocks ranging from solar cycle effects [Richardson et al., 2006; Zhang et al., 2007] to shock microphysics [Wilson et al., 2007] .
[21] We now briefly review the shock analysis methods employed in the database. We start with a merged data set of solar wind plasma and field observations from the Faraday Cup instruments and the Magnetic Field Investigation (MFI) Wind [Ogilvie et al., 1995; Lepping et al., 1995] . This database includes ion bulk properties including hydrogen and helium bulk velocities, densities, temperatures, and temperature anisotropies along with high-resolution magnetic field measurements averaged to coincide with the Faraday Cup observations. The data set is available publicly from the National Space Science Data Center and has been described in detail previously [Kasper et al., 2006] . The solar wind observations are manually scanned for IP shocks, and candidate events exhibiting sudden changes in velocity, density, temperature, and magnetic field strength are added to the database. For each candidate event we then try to identify 10-15 minute long intervals of measurements upstream and downstream of the shock itself that are representative of asymptotic steady state conditions. Under the assumption that the IP shock is described by the fluid MHD equations and indeed is in a steady state, the change in the plasma parameters across the shock must satisfy the Rankine-Hugoniot (RH) jump conditions. We then follow the algorithms developed by Vinas and Scudder [1986] and Szabo [1994] and identify the shock orientation that best simultaneously satisfies all of the conserved quantities across the shock. In addition to the full RH method, we also employ the velocity and magnetic coplanarity techniques, and three mixed methods that use combinations of the changes of the magnetic field and velocity across the shock [Abraham-Shrauner, 1972] . For each of the described methods, we determine the shock orientation, shock speed, and asymptotic upstream and downstream plasma values and their uncertainties in the rest frame of the shock. The plasma values are then used to calculate sound, Alfvén, and magnetosonic wave speeds, and, combined with angles the shock makes with the upstream and downstream fields, the slow, intermediate, and fast wave speeds. These speeds and angles are then used to derive any desired fast, slow or critical Mach numbers. For each derived parameter we store the uncertainty in the derivation based on each method, and the overall standard deviation in the value between all of the analysis methods.
[22] We have employed this large number of shock analysis methods because we find that often many of the methods produce a very similar result, while one or two techniques (often the velocity or magnetic coplanarity methods) produce very different results. For each shock the results from each method are compared, outliers are rejected, and a consensus orientation is determined. As has been noted previously [Szabo, 1994] , it can sometimes be difficult to identify an asymptotic interval, especially in the disturbed region downstream of a shock where fluctuations and sometimes coherent oscillations may be observed. Sometimes, however, even in the presence of these fluctuations, the different methods all produce similar results, and the event is kept in the list of analyzed shocks. If none of the methods agree, or if there is a large uncertainty in the derived parameters, then the shock is marked as questionable and not used in further analysis. Finally, some of the events turn out to be simple discontinuities and not shocks. They are tracked in the database but also excluded.
[23] While the database includes fast, slow, forward, and reverse IP shocks, only fast mode forward shocks were analyzed in this study. In addition to the reasons described above, shocks were also eliminated from this study for other factors, including proximity to the terrestrial foreshock region, concurrent radio signals such as Type III radio bursts, and gaps in the TNR instrument data set. After this selection process, 178 shocks suitable for analysis remained.
[24] Each selected shock was analyzed for large increases in power at the plasma frequency line in the upstream region. In the TNR data, the plasma line is an ubiquitous feature, located roughly at the plasma frequency, created by the potential fluctuations which arise on the antenna due to electron thermal motion [Meyer-Vernet and Perche, 1989] . Langmuir waves also appear at the plasma frequency, as a bursty feature with a much higher intensity than the plasma line from the thermal noise. In order to automatically determine which IP shocks exhibit Langmuir waves, the detection algorithm compares the peak upstream power in the vicinity of the plasma line with the background power from the thermal noise spectrum.
[25] The following simple algorithm was used to fit the plasma line upstream of each shock. First, the plasma density, as measured by the PESA-L instrument from the Wind 3DP plasma suite [Lin et al., 1995] , was used as an estimate of the plasma frequency. A detection algorithm found the plasma peak by searching for the highest TNR value in the vicinity of the expected plasma frequency. The total power in the plasma line for each TNR sample was estimated by summing several bins around the peak bin.
[26] Each shock is assigned a designated score (P LW /P f p ) determined by the ratio of the maximum "Langmuir wave" power to the "plasma wave" power, i.e., the maximum power occurring in a short and bursty interval versus a baseline of quiet time power. The P LW /P f p scores for the shocks in the database range from 1.03, for a very quiet and steady upstream region, to 115.16, for a shock with the largest measured upstream Langmuir waves. We choose a P LW /P f p score of 10 as the threshold to separate the shocks into two populations, those with upstream LWA and those without. Section 5 describes the selection of this threshold in further detail.
[27] Figure 2 shows several examples of the Langmuir wave detection algorithm, using three example shocks. The first panel in each plot shows the GSE magnetic field B GSE from MFI. The second panel shows the proton density n p as measured by PESA-L. The arrival of the shock can be seen as a sharp jump in plasma density and a discontinuity in the magnetic field. The red vertical line on each plot shows the time of shock arrival, and the black vertical lines delimit the upstream interval where the algorithm searches for Langmuir waves. The third panel shows the spectrogram from TNR. The black and white dashed lines superimposed on the TNR spectrogram show the frequency window containing the bins summed to yield the plasma line power. The fourth panel shows the power close to the plasma frequency in the upstream region.
[28] Figure 2 (left) is an example of a shock with a quiet, steady upstream region. There is almost no variation in the upstream plasma frequency power, and the shock is assigned a low P LW /P f p score of 1.03. Figure 2 (middle) shows a shock with moderate levels of LWA (P LW /P f p = 11.68), as shown by two short bursts of increased power near the plasma line. Figure 2 (right) shows a shock with very strong upstream LWA (P LW /P f p = 64.34.) This shock has been previously studied [Bale et al., 1999; Pulupa and Bale, 2008] , using in situ wave and particle measurements.
KS Test and Parameter Testing

Test Procedure
[29] As shown in sections 1-3, the basic mechanism for acceleration of electrons at IP shocks is reasonably well understood, i.e., the electrons are reflected from quasiperpendicular connection sites via a fast Fermi process. In this respect, IP foreshocks are directly analogous to the terrestrial electron foreshock. However, while the terrestrial foreshock is a steady state feature of the interaction between the terrestrial magnetosphere and the solar wind, foreshock regions are only seen at a minority of IP shock crossings. Because foreshock regions occupy only a limited area of any given shock front, there is no way to predict with certainty whether an individual IP shock will show evidence of an IP foreshock region for a single spacecraft encounter. We therefore must use statistical methods to determine the effect of individual shock or plasma parameters on the production of upstream electrons and the resultant Langmuir waves.
[30] The statistical procedure we use for a given parameter x is as follows: choose a threshold value of the P LW /P f p score described in section 3, and from that threshold determine which shocks exhibit upstream LWA. Next, compare the distribution of parameter x for all observed shocks to the distribution of x for the shocks with LWA. We use the Kolmogorov-Smirnov (KS) test to compare the two distributions [Press et al., 1992, section 14] . The KS test for two sample distributions works by comparing the cumulative distribution functions (CDFs) S N1 (x) and S N2 (x) of the two samples. The KS statistic D KS measures the maximum distance between the two CDFs:
[31] The D KS statistic is a measure of the difference between two distributions. Two samples drawn from the same distribution will lay atop each other when the CDF is plotted (see the M f plot in Figure 3 for an example) and will therefore have a small D KS , while samples from different distributions will show significant differences (see the V HT plot in Figure 3) and D KS will be large. Given the number of samples and the D KS statistic, the probability (P KS ) that the samples are from the same underlying distribution can be Figure 2 . Three example shocks illustrating the Langmuir wave detection algorithm described in section 3. Shown are the GSE magnetic field (first panel), the proton density (second panel), a spectrogram from the WAVES/TNR instrument (third panel), and the power in the vicinity of the plasma line measured by TNR (fourth panel). Large, bursty increases in the power near the plasma line indicate Langmuir waves. The red vertical line marks the arrival of the shock, and the upstream region is denoted by black vertical lines. The white and black dashed lines on the spectrogram show the window over which the TNR power was summed to yield the plasma line power.
calculated. Parameters with greater influence on the generation of upstream Langmuir waves will have larger differences between the two distributions and, therefore, smaller values of P KS .
Tested Parameters
[32] The above procedure can be applied to any continuous shock or plasma parameter and used to determine whether it is correlated with upstream LWA. In this section we list the selected test parameters and explain their relevance to electron acceleration or the formation of foreshock regions. All of the tested parameters, along with the results of the tests, are shown in Figure 3 .
[33] We test the upstream and downstream magnetic field B u and B d , as well as the magnetic compression ratio B max /B u . When calculating the mirror ratio, we use B max , the maximum value of the magnetic field through the shock transition, including the overshoot region if it is present, Figure 3 . Results of the Kolmogorov-Smirnov test for the selected shock and plasma parameters. The black line shows the CDF for all shocks. The red line shows the CDF for the subset of shocks which exhibit upstream Langmuir waves. The maximum difference between the two populations (the D KS statistic) can be used to calculate the probability (P KS ) that the two populations come from the same underlying distribution.
since the electron mirror ratio is determined by the maximum B encountered during the reflection process. The downstream magnetic field is measured after any overshoot or undershoot structure. We also test the analogous densities, n u , n d , and n d /n u , although we use the asymptotic downstream value to calculate the density compression.
[34] As can be seen from Figure 1 , hot electron distribution will contain more electrons which lie above the loss cone in velocity space and can be reflected. The measurement of the downstream thermal velocity V thd is a measurement of electron heating by the shock, as discussed by Fitzenreiter et al. [2003] . We test both the upstream and downstream thermal speeds as well as the ratio V thd /V thu . Although the majority of reflected electrons come from the halo portion of the solar wind distribution function, we use the core electron temperature to determine V th . This choice was made for ease of computation, and is justified by the correlation between the core and halo temperatures [Feldman et al., 1975] . The reflection process will also be affected by temperature anisotropies in the solar wind electron distribution, for this reason we calculate and test the ratio between the perpendicular and parallel electron temperatures, T ? /T k .
[35] Plasma b, the ratio of plasma pressure to magnetic pressure, has been linked to the nonstationary structure of shocks [see, e.g., Hellinger et al. 2002] . We use the total plasma b, including contributions from both ions and electrons. We test b u and b d , as well as the ratio b d /b u . We also measure and test the upstream and downstream solar wind velocities in the shock frame, V u and V d .
[36] In addition to the above solar wind plasma parameters, we test various derived shock parameters. M f , the fast mode Mach number, given by M f = V u /V f , where V f is the speed of the fast mode wave, is a measure of the strength of the shock. The transition from subcritical to supercritical Mach number is generally associated with changes in upstream shock structure due to reformation, and occurs at a fast wave Mach number of 1-2 for typical solar wind plasma conditions [Edmiston and Kennel, 1984] . Thejappa and MacDowall [2000] found that shocks with Langmuir waves tend to be supercritical.
[37] V s is the measured shock speed in the spacecraft frame, calculated as described in section 3. For CME-driven shocks, higher CME and shock speeds are associated with increased probability that a given CME will drive a Type IIproducing shock [Cane et al., 1987; Gopalswamy et al., 2005] .
[38] Figure 1 shows the effect of V HT and F′ on the electron reflection process, so these variables are a natural choice to test. Since the fraction of electrons which lie above the velocity space separatrix is dependent on the thermal speed of the electrons, we also test the two parameters normalized to the upstream electron thermal velocity.
[39] V HT is calculated according to equation (1). V F is obtained by setting v′ ? = 0 in equation (2) and solving for v′ ? . If we approximate F′ using the relation eDF′ ≈ 2DT e [Hull et al., 2000] , then
[40] Figure 1 shows that a V F /V th ratio close to or above 1 implies that most of the core electrons cannot be reflected by the shock. This condition obtains for most IP shocks in this study, implying that the halo population is especially important for the formation of the electron beam.
[41] The fast Fermi theory relies on the adiabatic nature of the electron encounter with the shock. We test r Lh /(c/w pi ), the electron Larmor radius divided by the ion inertial length, to check the validity of this assumption. Simulations [e.g., Burgess, 2006] show that substructure exists within shock transition regions which is on the order of the ion inertial length c/w pi , so this is the relevant length scale for reflection. Therefore, the ratio of a halo electron Larmor radius to c/w pi is a measure of how well the assumption of small gyroradius (and therefore adiabatic motion) ought to hold. Numerically, r Lh /(c/w pi ) is equivalent to (mv h )/(Mv A ) and is given by:
where E h = 1 2 mv h 2 is the energy of a halo electron, typically about 6 times the energy of a core electron [Feldman et al., 1975] . We use B max , the maximum magnetic field observed in the shock transition, in equation (5), and the downstream value for the density n d .
[42] Finally, we calculate and test the effect of SSN, the daily sunspot number, a standard measure of solar activity. The sunspot number used for any given shock is the daily number for the day the shock was launched, as opposed to the day the spacecraft encountered the shock. We choose this convected sunspot number as a rough measure of the complexity of structure in the solar wind through which the shock will propagate.
Results
[43] As mentioned in section 3, we choose a threshold value of P LW /P f p to distinguish between shocks with LWA and those without. In Figure 4 (top), the number of shocks with P LW /P f p greater than a given threshold (i.e., the number of shocks N LW with LWA) is plotted versus threshold value. A histogram of P LW /P f p is also plotted. It is not immediately apparent from the N LW plot or the histogram that there are two distinct populations of shocks, although the histogram data shows a minimum around a P LW /P f p value of 10, possibly indicating a break between populations. To confirm that this value is a good separator, we use the KS test. Figure 4 (bottom) shows variation of P KS with different choices of P LW /P f p threshold for several of the parameters described in section 4. All parameters start at a P KS value of 1, a result of the trivial equality of the two populations when there is no required increase in activity near the plasma line for a shock to be counted as a Langmuir wave shock. Parameters which have a strong controlling effect on LWA will tend toward low values of P KS . Several of the predictive parameters plotted in Figure 4 (V HT , SSN, B max /B u ) show a sharp downward trend followed by more stable behavior starting at threshold values of ∼8-10, justifying use of 10 as a P LW /P f p threshold. Beyond this point, no parameter shows increased predictive ability. We therefore use for the remainder of this paper a P LW /P f p score of 10 to separate the two populations of shocks. A total of 43 shocks out of the 178 forward shocks analyzed (24%) produced upstream Langmuir waves, which agrees quite well with the result of Thejappa and MacDowall [2000] , who observed upstream activity at 31 of 160 interplanetary shocks (19%), and at 22 of 97 forward shocks (23%).
[44] Most tested parameters, both measured and derived, show some association with upstream Langmuir wave activity, as can be seen by examining the CDF plots in Figure 3 . The direction of the effect, i.e., whether an increase or decrease in the parameter is associated with activity, is apparent from which direction the red line (shocks with LWA) in the KS plot is shifted compared to the black line (all shocks). The magnitude of the effect is shown by P KS , which is the probability that the LWA CDF for a given parameter could be drawn randomly from the distribution of all shocks. Following Press et al. [1992, section 14] , we use P KS ∼ 0.2 as a rough dividing line between parameters which have a significant effect on LWA and those that do not; for parameters with P KS >∼ 0.2 the KS test essentially states that there is no statistically significant difference between the two distributions.
[45] Since many of the derived parameters are combinations of the measured parameters, comparing the relative P KS values allows us to determine which components of derived quantities are most crucial to the physics of electron acceleration. For example, the best predictor of LWA is the de Hoffmann-Teller speed V HT . The calculation of V HT incorporates both bn and V u , and comparison of the relative P KS scores shows that V HT is a much better predictor than either measured parameter by itself.
[46] This case can be contrasted with r Lh /(c/w pi ), which is also strongly associated with LWA. However, the absolute strength of the magnetic field are better predictors than the derived quantity r Lh /(c/w pi ), so we can conclude that B is the most important factor in determining the validity of the adiabatic reflection assumption, for the typical range of parameters encountered in the solar wind. In terms of the physics of electron reflection, this corresponds to the fact that in regions of low magnetic field, electrons can become demagnetized and drift away from regions where acceleration is favored.
[47] The strength of the cross shock potential, expressed as a critical velocity V for reflection, is also associated with increased LWA. The normalized quantities V HT /V th and V /V th are roughly equally good as predictors as the unnormalized quantities, despite the fact that higher thermal velocities should lead to more and higher-energy electrons reflected from the shock front. This contradiction can be explained by observing that V is of the order of V th , and that therefore most of the core thermal population of electrons will be drawn through the shock front by the cross shock potential into the downstream region. Therefore, the relevant population of electrons is the halo. Although the density and temperature of the halo are well correlated to the density and temperature of the core [Feldman et al., 1975] , the variation in these parameters and the fact that the bulk velocity of the halo may not coincide with the core bulk velocity means that the core thermal speed is an imprecise proxy for the thermal speed of the reflected electrons.
[48] Surprisingly, the temperature anisotropy analysis shows that shocks with low T ? are correlated with LWA, despite the fact that high T ? should lead to more reflected electrons, according to equation (2). This result may also be due to the difference between the core and halo population; the measured temperature anisotropy we use is for the core population, and the statistics of the halo anisotropy are quite different [Štverák et al., 2008] .
[49] A significant finding of Thejappa and MacDowall [2000] was that Langmuir waves occur upstream of both quasiperpendicular shocks and quasiparallel shocks. We confirm this finding, however, we find that quasiperpendicular shocks are highly favored to produce upstream waves, as expected from fast Fermi theory. The few instances of quasiparallel shocks with observed LWA may be a result of the fact that the single spacecraft measurement of bn is made at the point that the spacecraft crosses the shock, and not at the point on the shock where the electrons are accelerated. Nonplanar shock structure and curvature or diffusion of the upstream magnetic field could cause the measurement of bn to differ between these two points.
[50] Both the magnetic compression and the density compression ratios exhibit only a weak relationship with LWA compared to those due to the upstream and down- stream absolute values of B and n. In the case of the magnetic compression, this implies that the opening angle a of the magnetic mirror has a much smaller influence on the appearance of upstream waves than does B or V HT .
[51] We find that the fast Mach number M f of the shock is unimportant in predicting LWA. This is true despite the fact that both the shock velocity V s and the Alfvén velocity V A are reasonably good predictors of upstream activity. The dependence of LWA on V A is likely due to the dependence of V A on B. Since high V s and high V A are both correlated with upstream activity and both correlations are comparable in magnitude, the combined effects effectively cancel out dependence on M f . However, this result is not inconsistent with the findings of Thejappa and MacDowall [2000] that most LWA is found upstream of supercritical shocks; we suggest that it is simply a corollary of the fact that most IP shocks are supercritical at helioradial distances equal to or greater than 1 AU.
[52] We also find that the sunspot number is quite good as a predictor of upstream LWA at a given shock. There are two possible explanations for this effect. The first is that the variation in the solar cycle causes variation in shock and plasma parameters which control LWA. Several solar wind parameters are correlated well with solar activity, including wind speed and magnetic field [see, e.g., Veselovsky et al., 2000] . However, electron heat flux does not vary with solar activity [Scime et al., 2001] . The other explanation is that shock structure may be sensitive to the environment into which the shock propagates through the heliosphere. A shock propagating into a relatively quiet solar wind environment, such as that found during periods of low solar activity, encounters a more homogeneous environment than a shock propagating into the relatively variable solar wind existing during periods of intense solar activity. Inhomogeneities may lead to differences in shock formation and a greater level of structure on the front of the shock, creating favorable conditions for the generation of foreshock bays.
[53] Table 1 lists all of the analyzed shock and plasma parameters, in order of decreasing correlation with upstream Langmuir wave activity.
Discussion and Summary
[54] The results of section 5 emphasize the complexity of Type II radio burst generation. Pulupa and Bale [2008] have shown that the characteristic scale of foreshock bays is on the order of tens to hundreds of Mm, but parameters on scales both significantly smaller (r Lh /(c/w pi ), which describes structure on the scale of the shock width) and significantly larger (SSN, which serves as a proxy of structure in the entire solar wind) than this also play a role in determining the existence of upstream Langmuir waves.
[55] A picture of the dependence of Type II radio bursts on shock and plasma parameters emerges from these results, as follows: An IP shock is launched into the heliosphere. If the shock propagates into a highly inhomogeneous environment, it is likely to develop structure on the shock front, which by 1 AU has the characteristic dimensions of the observed foreshock bays. A shock which forms a foreshock region can accelerate electrons effectively to form electron beams and Langmuir waves, if the following conditions apply: the local HT speed is large compared to the speed of the typical halo electron, and the magnetic field is strong enough to keep the electron bound to a quasiperpendicular acceleration site throughout its encounter with the shock. For a given shock crossing, whether the spacecraft encounters LWA depends on the exact location of the crossing on the shock front.
[56] In summary, we have surveyed a large number of shocks observed by the Wind spacecraft, searching for upstream Langmuir waves using the TNR instrument on Wind/ WAVES and statistically analyzing the data set to determine which parameters affect upstream activity. We show that V HT is clearly the best predictor of upstream LWA. This agrees well with the predictions of fast Fermi theory. We confirm the conclusions of Thejappa and MacDowall [2000] that LWA occurs upstream of slightly more than 20% of interplanetary fast shocks, and that activity occurs upstream of both quasiperpendicular and quasiparallel shocks. However, we note that there is a strong preference for quasiperpendicular shocks, and that observations of quasiparallel shocks may be an artifact of nonlocal measurements of the upstream connection site. Of the parameters measured by both this study and calculated by Knock et al. [2003] , we agree that upstream activity is very sensitive to the upstream speed of the shock. However, we find that shocks with lower rather than higher upstream densities are favored for LWA. We show an intriguing relationship between LWA and solar activity, which may indicate that structure in the solar wind leads to corresponding structure on shock fronts. The ratio between the Larmor radius and the ion inertial length is also a good predictor of upstream activity, which suggests that the microphysics of shock structure also is important. The large number of parameters which are associated with upstream LWA underscores the complexity of Type II burst generation and suggests that a complete model of Type II generation must include both the microphysics of shock structure and the global view of the solar wind into which the IP shock is propagating.
